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Introduction {#sec001}
============

The pacu is a freshwater neotropical characid fish characterized by hardiness, fast growth, adaptation to artificial feeding and tasty meat \[[@pone.0177679.ref001]\] that has a high market value to Brazilian fisheries and pisciculture \[[@pone.0177679.ref002]\]. Muscle growth in fish is a complex process controlled by a dynamic balance of anabolic and catabolic molecular pathways and is influenced by several intrinsic and extrinsic factors, such as food availability, water quality, temperature, developmental stage and geographic distribution \[[@pone.0177679.ref003],[@pone.0177679.ref004]\]. During conditions that promote the loss of muscle mass, such as food restriction, an increase in the activity of the proteolytic ubiquitin-proteasome system, particularly the ubiquitin-ligases \[[@pone.0177679.ref005]\], and the autophagy pathway occurs \[[@pone.0177679.ref006]\]. These events promote increased rates of protein degradation, leading to muscle atrophy \[[@pone.0177679.ref005],[@pone.0177679.ref006]\].

Although numerous ubiquitin-ligases have been identified, *FBXO25* (*F-Box Protein 25/ubiquitin protein*), *MURF1* (*Muscle Ring Finger protein-1*) and *MAFbx* (*Muscle Atrophy F-box* or *atrogin*), also known as atrogenes, are E3 ubiquitin-ligase that are up-regulated during increased muscle catabolic activity \[[@pone.0177679.ref007]\], such as food restriction conditions in fish \[[@pone.0177679.ref004],[@pone.0177679.ref008]--[@pone.0177679.ref010]\]. Additionally, atrogenes play a critical role in controlling protein turnover in skeletal muscle to maintain muscle function \[[@pone.0177679.ref011],[@pone.0177679.ref012]\].

The major anabolic process responsible for the increase in muscle protein synthesis in mammals and in fish is controlled by *IGF-I* (*insulin-like growth factor-I*) \[[@pone.0177679.ref013]\]. The *IGF-I* pathway has an important role in the inhibition of muscle protein degradation by blocking the up-regulation of the E3 ubiquitin ligases *MURF1* and *MAFbx* \[[@pone.0177679.ref008]\].

Studies using mammals have shown that the activation of *mTOR*, a component of two different complexes, *mTORC1* (comprising *mTOR*, *mLST8*, and *RAPTOR*) and *mTORC2* (comprising *mTOR*, *mLST8*, and *RICTOR*) \[[@pone.0177679.ref014]--[@pone.0177679.ref016]\], ultimately results in the up regulation of key genes that induce muscle mass gain \[[@pone.0177679.ref013]--[@pone.0177679.ref015],[@pone.0177679.ref017]--[@pone.0177679.ref019]\].

The anabolic and catabolic signaling pathways of skeletal muscle are controlled by small noncoding RNAs known as microRNAs (miRNAs), and several studies have shown that the miRNAs -1, -206, -23a and -199 inhibit genes that stimulate and repress muscle development and growth \[[@pone.0177679.ref020]--[@pone.0177679.ref022]\]. Additionally, miR-1, -199 and -206 were shown to control the *IGF-1* gene since its expression levels were inversely proportional to those of the miRNAs \[[@pone.0177679.ref022]--[@pone.0177679.ref024]\], and miR-23a regulates the expression of *PGC-1a*, an important cofactor of mitochondrial biogenesis, and *MAFbx*, an atrogene with a crucial role in protein degradation \[[@pone.0177679.ref025]--[@pone.0177679.ref027]\].

Pacu (*Piaractus mesopotamicus*) is a tropical fast-growing fish that can attain a large body size \[[@pone.0177679.ref001]\], and this species is of commercial interest for aquaculture. With the goal to understand the intracellular signaling pathways involved in the regulation of muscle growth in fish, *in vivo* studies have evaluated the impact of feeding/refeeding protocols on muscle growth-related genes, as these protocols promote changes in the homeostasis between muscle catabolic and anabolic states. Additionally, it is unclear whether muscle protein synthesis and degradation operate independently or whether these processes can act together in the control of muscle mass during food restriction/refeeding. Using this approach, we evaluated muscle morphology, mRNA expression of components involved in catabolism, anabolism and energetic metabolism and miRNA expression in both fast and slow muscle of juvenile pacu during food restriction and refeeding.

Material and methods {#sec002}
====================

Ethics statement {#sec003}
----------------

All experiments and procedures were carried out in accordance with the Ethical Principles in Animal Research adopted by the Brazilian College of Animal Experimentation (COBEA). This protocol was approved by the Ethics Committee on Animal Use (protocol number 694-CEUA-Ethics Commission on the use of animals) of the Institute of Biosciences of Botucatu, São Paulo State University, Botucatu, São Paulo, Brazil. Animals were euthanized with benzocaine at a concentration exceeding 250 mg/L prior to the collection of muscle samples.

Sample collection {#sec004}
-----------------

Pacu fish (*Piaractus mesopotamicus*) were obtained from the Sao Paulo Agency for Agribusiness Technology (APTA), Presidente Prudente, Sao Paulo, Brazil. Juvenile fish (approximately 150 g) were farmed at 28°C under a natural photoperiod (12 hours of light: 12 hours of dark) in storage tanks of 0.5 m^3^ equipped with separate systems of water circulation. Fish were acclimatized for 1 week under satiety feeding conditions. At the beginning of the experiment, food was withdrawn from the fish for 10 days (fasting condition) followed by 60 hours of refeeding. Samples of fast muscle were collected from the epaxial region, near the head, and slow muscle samples were collected near the lateral line. Muscle samples were collected at zero (Control group---C) and 10 days of fasting (Fasting group---F) and after 6 (Refeeding group---R6) and 60 hours of refeeding (Refeeding group---R60).

Morphometric analysis {#sec005}
---------------------

Fast and slow muscles samples were collected and quickly frozen in liquid nitrogen-cooled isopentane and stored at −80°C before sectioning. Muscle histological cryosections (10 μm) from the C, F and R60 groups were cut and stained using the hematoxylin-eosin (HE) method \[[@pone.0177679.ref028]\]. Muscle fiber diameters were determined by measuring 1000 fast and slow muscle fibers from each animal (8 animals) per group, using a compound microscope attached to a computerized imaging analysis system (Leica Qwin, Wetzlar, Germany) \[[@pone.0177679.ref029]\]. The fiber diameter (D) was estimated indirectly from individual fiber area (A) using the formula D = 2A 0.5 π-0.5 \[[@pone.0177679.ref030]\]. For each group, muscle fiber diameters were grouped into classes (\<30; 30 ┤ 50; 50 ┤ 70; 70 ┤ 90 and \>90 μm) based on Johnston \[[@pone.0177679.ref031]\]and de Almeida et al. \[[@pone.0177679.ref032]\]. Muscle fiber frequency in the classes corresponds to the number of fibers from each diameter class relative to the total number of fibers measured.

Succinate dehydrogenase (SDH) analysis {#sec006}
--------------------------------------

SDH analysis was used as an indicator of muscle fiber oxidative capacity in fast and slow muscle and was performed as described by Nachlas et al.\[[@pone.0177679.ref033]\]. Transverse cryosections (10 μm) of muscle from the C, F and R60 groups were placed on the same slide to minimize staining differences. The cryosections were incubated with 5 ml of 0.2 M sodium succinate solution and 10 ml aqueous solution of nitro blue tetrazolium (NBT, 1 mg/ml). The samples were incubated for 20 to 30 minutes at 37°C, washed in saline, fixed subsequently in formol saline for 10 minutes, rinsed in 15% ethanol for four/five minutes and mounted in Permount. To analyze SDH activity, images of all samples were captured using a microscope (40X magnification) attached to a computerized imaging analysis system. The light intensity and filter alignment parameters used were the same for all samples. Quantitative analysis of SDH staining intensity was determined by measuring the background staining (gray scale) with Image Analysis System Software (Leica Qwin, Germany).

Gene expression analysis of mRNAs and miRNAs involved in anabolic and catabolic processes {#sec007}
-----------------------------------------------------------------------------------------

Total RNA was extracted from fast and slow muscle samples in the C, F, R6 and R60 groups for mRNA analysis using TRIzol^®^ Reagent (Life Technologies, USA), according to the manufacturer's recommendations. The RNA quantification was performed using the spectrophotometer NanoVue^™^ Plus (GE Healthcare, USA), which also determined the RNA purity by measuring the absorbance at 260 nm (RNA quantity) and 280 nm (protein quantity). Only samples with 260/280 ratio ≥ 1.8 were used. The RNA integrity was evaluated through capillary electrophoresis in the 2100 Bioanalyzer (Agilent, USA), which provided a RNA integrity number (RIN) based on the *28s* and *18s* ribosomal RNAs. Only samples with RIN ≥ 7.0 were used. Extracted RNA was treated with DNase I Amplification Grade (Life Technologies, USA) to eliminate any possible contamination with genomic DNA from the samples. mRNA reverse transcription was performed using the GoScript^™^ Reverse Transcription System (Promega, USA), following the manufacturer's guidelines. miRNA expression was assessed in the C, F and R60 groups using a TaqMan^®^ MicroRNA Reverse Transcription kit (Life Technologies, USA) combined with TaqMan^®^ MicroRNA Assays (Life Technologies, USA), according to the protocol instructions.

The expression levels of miRNAs and mRNAs were assessed by quantitative real-time PCR (qPCR) using the QuantStudio^™^ 12K Flex Real-Time PCR System (Life Technologies, USA). Each cDNA sample corresponding to a miRNA was amplified by TaqMan^®^ Universal PCR Master Mix (Life Technologies, USA) and TaqMan^®^ MicroRNA Assays (Life Technologies, USA), which contain primers and specific probes to miR-1, miR-199, miR-23a, miR-206 and U6 snRNA (endogenous control) ([S1 Table](#pone.0177679.s004){ref-type="supplementary-material"}, [S1 File](#pone.0177679.s001){ref-type="supplementary-material"}). The cDNA samples corresponding to the mRNA of the genes analyzed were amplified by GoTaq^®^ qPCR Master Mix (Promega, USA), and primers were synthesized by Life Technologies (USA), which were designed using Primer Express 3.0.1^*®*^ (Life Technologies, USA) ([S2 Table](#pone.0177679.s005){ref-type="supplementary-material"}). The expression levels were normalized by *GAPDH*, whose expression was constant among all samples. The relative quantification of gene expression was performed by the comparative Ct method \[[@pone.0177679.ref034]\] using Data Assist 2.0 (Life Technologies).

Heat map summary of clustering of catabolic, anabolic and energetic metabolism data {#sec008}
-----------------------------------------------------------------------------------

To establish relationships among all the components of the signaling pathways studied, a heat map summary and hierarchical clustering analysis were performed using the Ct data and the R Bioconductor packages gplots (version 3.0.1) and heatmap.2 (version 3.0.1). Clustering and seriation were based on Pearson's correlation coefficient of z-score normalized abundance values (scaled from 0 to 1).

Statistical analysis {#sec009}
--------------------

Muscle fiber diameter data are expressed as frequency percentage and were analyzed by a Goodman test between and within multinomial population \[[@pone.0177679.ref035]\]. The SDH evaluation and mRNA and miRNA relative expression were analyzed by Kruskal-Wallis Test followed by Dunn's multiple comparisons test \[[@pone.0177679.ref036]\]. Statistical significance was set at P\<0.05 for all analyses.

Results {#sec010}
=======

Morphometric analysis {#sec011}
---------------------

The muscle morphology of fast and slow muscle showed round and polygonal fibers distributed in a mosaic pattern characterized by fibers of different diameters ([Fig 1](#pone.0177679.g001){ref-type="fig"}). Comparing to the C group, during food restriction, there were a decrease in the frequency of fast muscle fiber diameter in the 50--70 μm; slow muscle presented a decrease in muscle fiber diameter in the classes from 50 to 90 μm and an increase in fiber frequency in the 30--50 μm class occured. After the refeeding period, only slow muscle showed increases in the frequency of fibers in the 50--70 μm class compared with the F group ([Fig 2](#pone.0177679.g002){ref-type="fig"}).

![Hematoxylin and eosin (HE) staining showing fast muscle (left side) and slow muscle (right side).\
A and D: Control (C) group. B and E: Fasting (F) group. C and F: Refeeding (R60) group. Round and polygonal fibers distributed in a mosaic pattern characterized by small (1) and large fibers (2). Scale bar: 100 μm.](pone.0177679.g001){#pone.0177679.g001}

![Frequency distribution of fast and slow muscle fibers of pacu juveniles.\
Control, before fasting (C); after 10 days of fasting (F) and after 60 hours of refeeding (R60). Letters in the columns compare the frequency of fibers between the groups. Values with the same letters are not statistically significant between the periods (P \<0.05. Goodman test).](pone.0177679.g002){#pone.0177679.g002}

Succinate dehydrogenase (SDH) analysis {#sec012}
--------------------------------------

As a general indicator of muscle fiber oxidative capacity in both fast and slow muscles, we measured SDH activity. The results showed differences in SDH activity between fast and slow muscle (data not show) and among the groups evaluated. We observed an increase in SDH activity in fast muscle in F compared with the C and R60 groups. In slow muscle, SDH activity was higher in R60 than that of the C and F groups ([Fig 3](#pone.0177679.g003){ref-type="fig"}).

![Succinate dehydrogenase (SDH) histochemistry reaction in fast (top) and slow (down) muscles.\
A and E: Control (C) group. B and F: Fasting (F) group. C and G: Refeeding (R60) group. Scale bar: 100 μm. Assessment of SDH activity in fast (D) and slow (H) muscle.](pone.0177679.g003){#pone.0177679.g003}

Gene expression in fast and slow muscle: Fasting and refeeding periods {#sec013}
----------------------------------------------------------------------

In fast muscle of pacu, a fasting period promoted an increase in the expression of the catabolic genes *ATG12* (*Related Autophagy 12/Ubiquitin-like*), *BCL2* (*B-cell CLL/Lymphoma 2*) and *FBXO25* (*F-Box Protein 25/ubiquitin protein*), the anabolic gene *PI3K* (*Phosphatidylinositol 3 Kinase*, *Catalytic Subunit Type 3*), and the *mTORC1* complex components, *mLST8* (*Target of rapamycin subunit complex LST8*), *mTOR* (*Target of Mechanistic Rapamycin*) and *RAPTOR* (*subunit complex mTORC1*), compared with the C group. The expression of genes related to energy metabolism, such as *SDHA* (*Succinate Dehydrogenase Complex*, *Subunit A*, *Flavoprotein*) and *PGC1α* (*Peroxisome proliferator-activated receptor gamma*, *coactivator 1*), was high compared with the C group, and the *PPARβ/δA* (*Peroxisome Proliferator-Activated Receptor Beta/Delta isoform*) level decreased compared with the C group.

After 6 and 60 hours of refeeding, most catabolic genes showed decreased expression levels compared with the F group, which was similar to the C group. R6 also showed decreased *BCL2* gene expression compared with the C group. Regarding anabolic genes, R6 had similar *PI3K* expression to that of the C group, which was lower than R60. The components of the *mTORC1* complex, *mTOR* and *RAPTOR*, were decreased compared with F, which was similar to the C group, whereas *mLST8* gene expression levels decreased gradually from the F to R60 groups. *SDHA* gene expression decreased in R6 and R60 compared with F and was high compared with the C group. *PGC1α* gene expression in R6 and R60 was decreased compared with F, and it was similar to the C group; *MyoD* gene expression decreased in R6 compared with F and R60 and *PPARβ/δA* gene expression increased during the refeeding period, with R6 being similar to C group and R60 lower than that of the C group (Figs [4](#pone.0177679.g004){ref-type="fig"} and [5](#pone.0177679.g005){ref-type="fig"}).

![Relative mRNA expression of catabolic and anabolic pathway components in fast muscle.\
Groups C (control), F (fasting---10 days of fasting), R6 (6 hours of refeeding) and R60 (60 hours of refeeding). The data are expressed as fold change. Different letters indicate significant differences in expression between the groups (P \< 0.05). The data are presented as the mean ± SEM (n = 8).](pone.0177679.g004){#pone.0177679.g004}

![Relative mRNA expression of anabolic pathway and energetic metabolism components in fast muscle.\
Groups C (control), F (fasting---10 days of fasting), R6 (6 hours of refeeding) and R60 (60 hours of refeeding). The data are expressed as fold change. Different letters indicate significant differences in expression between the groups (P \< 0.05). The data are presented as the mean ± SEM (n = 8).](pone.0177679.g005){#pone.0177679.g005}

In slow muscle of pacu, ten days of fasting promoted a slight change in gene expression. There was increased expression of the catabolic gene *MAFbx* (also called *FBOXO32* or *Atrogin-1*) and of genes related to energy metabolism, *PGC-1α* and *PPARβ/δB*, compared with the C group. After 6 hours of refeeding (R6), *MAFbx* gene expression decreased compared with F, and it was similar to the R60 group. *ATG12* gene expression was higher in R60 than that in the R6 group. *FBXO25* gene levels decreased in R6 compared with the F and R60 groups. *MURF1A* gene expression in R60 decreased in comparison to the C group. With regard to anabolic gene expression, only a component of the *mTORC1* complex, *mLST8*, was higher in the R60 group compared with the C group; *PGC1α* gene expression decreased in R6 compared with F and increased compared with the R60 group. *PPARβ/δB* gene expression was lower in R6 than in the C and F groups. *PPARβ/δB* gene expression in R6 was similar to R60, which was lower than that of the F group. After 60 hours (R60) of refeeding, the *MAFbx*, *mLST8*, *PGC1α*, and *MYOG* genes were significantly higher in R60 than in C group; the *MURF1A* gene was significantly lower in R60 than in C group. *MyoD* gene expression increased in R60 compared with R6, and *MYOG* gene expression increased in R60 compared with C, F and R6 groups. *PPARβ/δB* gene expression was significantly lower in R60 compared with the C group (Figs [6](#pone.0177679.g006){ref-type="fig"} and [7](#pone.0177679.g007){ref-type="fig"}).

![Relative mRNA expression of catabolic and anabolic pathway components in slow muscle.\
Groups C (control), F (fasting---10 days of fasting), R6 (6 hours of refeeding) and R60 (60 hours of refeeding). The data are expressed as fold change. Different letters indicate significant differences in expression between the groups (P \< 0.05). The data are presented as the mean ± SEM (n = 8).](pone.0177679.g006){#pone.0177679.g006}

![Relative mRNA expression of anabolic pathway and energetic metabolism components in slow muscle.\
Groups C (control), F (fasting---10 days of fasting), R6 (6 hours of refeeding) and R60 (60 hours of refeeding). The data are expressed as fold change. Different letters indicate significant differences in expression between the groups (P \< 0.05). The data are presented as the mean ± SEM (n = 8).](pone.0177679.g007){#pone.0177679.g007}

miRNAs expression in fast and slow muscle: Fasting and refeeding period {#sec014}
-----------------------------------------------------------------------

In order to complement our experiment, we performed a comparison of the miRNA target sites at the 3'UTR of the examined mRNAs between different species of vertebrates (*Homo sapiens*, *Mus musculus*, *Danio rerio* and *Piaractus mesopotamicus*) using Geneious 4.8.5 software \[[@pone.0177679.ref037]\]. The comparisons revealed a considerable conservation of the 3'UTR nucleotide sequences between the species ([S1 File](#pone.0177679.s001){ref-type="supplementary-material"}).

RNAhybrid software \[[@pone.0177679.ref038]\] was used for target prediction. The sequences of the miRNAs (mature) were obtained from the miRBase database \[[@pone.0177679.ref039]\]. The 3'UTRs were obtained from the pacu published transcriptome \[[@pone.0177679.ref040]\]. We performed a target prediction between miR-1/*IGF-1*, miR-206/*IGF-1*, miR-199/*IGF-1*, miR-199/*mTOR*, miR-23a/*MAFbx*, and miR-23a/*PGC1α*. The free energy of hybridization considered was ≤ -18, providing a potential binding site through nucleotide base complementarity. The free energy observed was within the accepted ranges ([S2 File](#pone.0177679.s002){ref-type="supplementary-material"}).

We observed changes in the expression of miRNAs that control catabolic and anabolic genes predominantly in fast muscle. The expression level of miR-1, miR-206, miR-199 and miR-23a was significantly higher in R60 than in the C and F groups in fast muscle, whereas in slow muscle, miRNAs -1 and -206 were significantly lower in R60 than in the C and F groups ([Fig 8](#pone.0177679.g008){ref-type="fig"}).

![Relative expression of miRNAs and their target genes in fast and slow muscle.\
Groups C (control), F (fasting---10 days of fasting) and R60 (60 hours of refeeding). The data are expressed as fold change. Different letters indicate significant differences in expression between the groups (P \< 0.05). The data are presented as the mean ± SEM (n = 8).](pone.0177679.g008){#pone.0177679.g008}

Discussion {#sec015}
==========

In the current study, we showed that short periods of food restriction followed by refeeding promoted changes in muscle fiber diameter, in gene expression of components involved with catabolism, anabolism and energetic metabolism and in miRNAs in both fast and slow muscle of juvenile pacu. Fast muscle was more affected in response to 10 days of food deprivation; we observed a decrease in muscle fiber diameter, an increase in the expression level of *FBXO25*, *ATG12*, *BCL2*, *PI3K*, the *mTORC1* complex (*mTOR*, *mLST8* and *RAPTOR*), *PGC1α*, *SDHA* and a decrease in *PPARβ/δA* gene expression compared with the C group. Slow muscle showed a decrease in muscle fiber diameter and slight changes in gene expression, with an increase in the levels of *MAFbx*, *PGC1α* and *PPARβ/δB* compared with the C group.

After 6 and 60 hours of refeeding, most genes were slightly up- or down-regulated in both fast and slow muscle.

Changes in muscle fiber diameter are observed during fasting conditions \[[@pone.0177679.ref041]--[@pone.0177679.ref043]\], and the decrease in both fast and slow muscle fiber diameter observed in our study is indicative of muscle catabolism. Additionally, based on the morphometric analysis, we can infer that after 60 hours of refeeding, only slow muscle recovered the muscle fiber area.

Muscle catabolism is regulated by several mechanisms, and the ubiquitin proteasome system (UPS) is the best-known cellular proteolytic system responsible for the degradation of the majority of cellular proteins \[[@pone.0177679.ref005],[@pone.0177679.ref044]\]. The UPS system is composed of ubiquitin-activating enzymes (E1), ubiquitin carrier protein (E2) and ubiquitin-conjugating enzymes (E3 ubiquitin ligases), such as *MURF1*, and F-box proteins, such as *FBXO25* and *MAFbx*, which are responsible for muscle protein recognition, ubiquitination \[[@pone.0177679.ref045]--[@pone.0177679.ref048]\] and degradation \[[@pone.0177679.ref008]\]. Cleveland and Evenhuis \[[@pone.0177679.ref049]\] showed that *MAFbx* expression strongly increased in fast and slow muscle of rainbow trout (*Oncorhynchus mykiss*) after 28 days of feed deprivation, with a decreased level after refeeding periods and no alterations in *FBXO25* expression in both fast and slow muscle. Fuentes et al. \[[@pone.0177679.ref050]\] examined juvenile fine flounder (*Paralichthys adspersus*) after 21 days of feed deprivation and observed increased expression of *MAFbx* and *MuRF1* in fast muscle and decreased levels after four weeks of refeeding.

In our study, the high expression of *MAFbx*, *FBXO25* and *ATG12* after 10 days of fasting suggested increased muscle protein degradation, which was more intense in fast muscle. After 6 hours of refeeding, a decrease in gene expression of atrogenes in both muscles indicated strong anti-atrophic conditions during the onset of refeeding, whereas 60 hour after refeeding, red muscle presented an increased expression pattern of atrogenes (heat map analysis, [S3 File](#pone.0177679.s003){ref-type="supplementary-material"}).

Autophagy is an intracellular recycling system that plays important roles in the maintenance of skeletal muscle homeostasis \[[@pone.0177679.ref048],[@pone.0177679.ref051]\]. During stress conditions, increased levels of autophagy are important for cells to adapt to changing nutritional and energy demands; degradation of cellular components, such as proteins, returns these materials to the cells as "building blocks" \[[@pone.0177679.ref048],[@pone.0177679.ref051]\]. However, excessive activation of autophagic pathways can promote cell death \[[@pone.0177679.ref006],[@pone.0177679.ref048],[@pone.0177679.ref051]\]. *BCL2* is an anti-autophagy and anti-apoptotic protein that interacts with pro-apoptotic and pro-autophagy proteins in nutrient-limited conditions, preventing the apoptosis in muscle tissue. He et al. \[[@pone.0177679.ref052]\], showed that in mutant mice to *BCL2* (a model of exercise/starvation), muscle cell autophagy increased. Thus, we hypothesized that high expression of *BCL2* during feed restriction in fast muscle of pacu could represent a compensatory mechanism to prevent extreme loss of muscle mass, which was more intense in fast muscle.

Also is know that autophagy is post-translationally inhibited by the *mammalian target of rapamycin complex 1* (*mTORC1*), which is under the control of *the insulin-phosphoinositide 3-kinase* (*PI3K*)-*Akt* pathway \[[@pone.0177679.ref006],[@pone.0177679.ref048],[@pone.0177679.ref053],[@pone.0177679.ref054]\]. Under basal conditions, *mTORC1* inhibits the protein ULK1 through selective phosphorylation. Jamart et al. \[[@pone.0177679.ref054]\] studied the *ULK1* complex in rats subjected to a period of fasting and exercise and observed that activation of the *ULK1* complex depends on *mTORC1* inhibition, which was also observed by Desgeorges et al. \[[@pone.0177679.ref055]\] in cell culture (C2C12) under starvation conditions. Thus, it is possible that the basal expression levels of *ULK1* (A and B) in fast muscle and the *ULK1B* in slow muscle during fasting in pacu are involved in *mTORC1* complex activation in this period, as noted in our experiment (heat map analysis, [S3 File](#pone.0177679.s003){ref-type="supplementary-material"}).

In our study, we demonstrated that the components of the *IGF1/PI3K/ Akt/mTORC1* (*mTOR*, *mLST8 and RAPTOR*) pathway were changed after food restriction and refeeding in both fast and slow muscle. *IGF-1*, a potent key regulator of muscle hypertrophy, promotes the activation of *PI3K*, which leads to the phosphorylation of the *AKT* and the *mTORC1* complex (mammalian target of rapamycin), resulting in protein synthesis \[[@pone.0177679.ref009],[@pone.0177679.ref050],[@pone.0177679.ref056]--[@pone.0177679.ref059]\].

Mareco et al. \[[@pone.0177679.ref060]\] described an increase in the *IGF-I* and *IGF-II* mRNA levels in the fast muscle of pacu (*Piaractus mesopotamicus*) (15 g) during fasting conditions (\~ 2 days of fasting) and a decrease in the expression level during satiation feeding for 24 h. Valente et al. \[[@pone.0177679.ref061]\] observed in juvenile salmon (*Salmo salar* L.) after 3 weeks of fasting a difference in the expression patterns of *IGF-1* and *IGF-II*, with an increase in *IGF-1* and a decrease in *IGF-II* mRNA expression after refeeding periods. Fuentes et al. \[[@pone.0177679.ref062]\] also described a gradual decrease in the levels of plasma *IGF-I* in juvenile fine flounder (*Paralichthys adspersus*) during long-term of fasting (4 weeks), and following the refeeding, plasma *IGF-I* levels increased significantly.

Decreased *IGF-1* mRNA expression in starved fish muscle has been described previously \[[@pone.0177679.ref017],[@pone.0177679.ref061],[@pone.0177679.ref063],[@pone.0177679.ref064]\], although distinct variations in the responses were observed. This fact could be related to the fasting/refeeding conditions and developmental and/or growth stage. In our experiment, increased expression levels of genes involved in the *IGF1/PI3K/ (PIK3C3)/Akt/mTORC1* pathway were observed in fast and slow muscle after 10 days of food restriction. We observed a high level of *PI3K* and *mTORC1* complex (*mTOR*, *mLST8 and RAPTOR*) expression in fast muscle, and in slow muscle, only the expression level of the subunit *mLST8* was increased in the R60 group compared with the C group.

To our knowledge, the present study demonstrates for the first time, in pacu fish, that fasting conditions increase gene expression of *mTORC1* complex in fast and slow muscle. Functional analysis in mouse and human cells culture, showed a possible physiological activation of *mTORC1* in response to feeding promoting increased expression of genes encoding proteasome subunits, increasing the intracellular pool of amino acids thus influencing the rates of protein synthesis \[[@pone.0177679.ref058]\]. In view of this, the results of our study indicate that possibly, as well as in mammals, the amino acids resulting through protein degradation in skeletal muscle of pacu, triggered by a stress situation (food restriction), could be important for synthesis of proteins needed for adaptation to starvation, through the activation of the *mTORC1* complex.

Metabolic adaptation is important for organism survival during starvation and long chain fatty acids, saturated and unsaturated (LCFAs), are used as a primary energy source for skeletal muscle to adapt to starvation conditions \[[@pone.0177679.ref065]--[@pone.0177679.ref068]\]. LCFAs regulate energy metabolism primarily by acting as an agonistic ligand of *PPARα*, *β* and *γ*, members of a nuclear receptor family of transcription factors expressed in skeletal muscle. A study using *PPARα* KO mice demonstrated a low metabolic rate and showed that these mice were unable to use fatty acids during fasting, indicating that KO mouse are reliant on protein breakdown for energy for survival; 24 h of fasting, blood urea was higher in the *PPARα* KO mice than in wild type controls, and genes for the urea cycle and protein catabolism pathways were induced in these animals \[[@pone.0177679.ref069]\].

In our study, the fasting period promoted an increase in the transcriptional levels of *PPARβ/δs* (A and B) in slow muscle and an abrupt decrease in fast muscle. As slow muscle has a high concentration of lipids in comparison to fast muscle \[[@pone.0177679.ref041]\], the high level of *PPAR* may be involved in oxidation of lipids for energy during food restriction periods \[[@pone.0177679.ref041],[@pone.0177679.ref070]\]. As described by Johnston and Goldspink \[[@pone.0177679.ref070]\] in *Pleuronectes platessa*, during starvation, depletion of lipid reserves in the liver and muscle occurred initially, followed by muscle protein degradation. These findings can explain the higher protein breakdown in fast muscle in pacu during the fasting period.

Johnston and Goldspink \[[@pone.0177679.ref070]\] also described an increase in the mitochondria number in fast muscle of starved *Pleuronectes platessa*. When the rates of protein degradation are high, the transcription factor *PGC1α* (*Peroxisome proliferator-activated coactivator-1 alpha*) increases as a possible animal adaptation to an attempt to maintain the basal metabolic processes of the muscular mass \[[@pone.0177679.ref059],[@pone.0177679.ref071]--[@pone.0177679.ref078]\]. We hypothesized that high expression of *PGC1α* in both fast and slow muscle in pacu after 10 days of fasting may be an adaptation to maintain the muscle metabolic demand during food restriction. The high *PGC-1α* levels (approximately 20-fold increase) in fast muscle may help remodel the muscle metabolism from glycolytic to oxidative by mitochondrial biogenesis, increasing the capacity for ATP generation (glycolytic: 2 ATP; oxidative: \~36 ATP) \[[@pone.0177679.ref004],[@pone.0177679.ref041]\] during this condition, which was also confirmed by the high succinic dehydrogenase quantification.

Considering the difference between the fast and slow muscle metabolism\[[@pone.0177679.ref041]\] and that slow muscle shows less degradation in stress conditions, such as starvation \[[@pone.0177679.ref041]\], we hypothesized that the results observed in the R60 group ([S3 File](#pone.0177679.s003){ref-type="supplementary-material"}) could be a result of increased protein turnover \[[@pone.0177679.ref058]\]. However, more studies are needed to better understand the role of pathways controlling fast and slow muscle plasticity during fasting/refeeding conditions.

We also analyzed the expression of miRNAs -1, -206, -199 and -23a in fast and slow muscle and observed an inverse correlation between the expression of all miRNAs and their targets mRNAs after refeeding compared with the C and F groups in fast muscle.

Bioinformatics analysis demonstrated a possible interaction between miR-1 and the *IGF-1* gene \[[@pone.0177679.ref023]\]. The authors also confirmed the interaction of miR-1 and the *IGF-1* gene in cell culture and in cardiac muscle cells of animals subjected to cardiac hypertrophy, where inverse expression between miR-1 and its target, *IGF-1*, was observed. Moreover, miR-206 was also shown to regulate *IGF-1* mRNA expression, influencing muscle hypertrophy. Yan et al. \[[@pone.0177679.ref024]\], identified an inverse relationship between miR-206 expression and *IGF-1* mRNA expression in tilapias transfected with a miR-206 antagomir, in which fish that had a loss-of-function of this miRNA showed higher *IGF-1* mRNA expression. Shan et al. \[[@pone.0177679.ref079]\], using target prediction of miRNAs -1 and -206 by bioinformatics and luciferase analyses, also found an inverse relationship between the miRNAs miR-1 and miR-206 and IGF-1 protein expression in the cardiac muscle of rats with myocardial infarction.

Additionally, miR-199 also potentially regulates the *IGF-1* pathway, inhibiting the mRNA expression of *IGF-1* and *mTOR* \[[@pone.0177679.ref022]\]. The authors overexpressed miR-199 in cell culture (C2C12) and observed a decrease in *IGF-1* and *mTOR* expression levels; when miR-199 was knocked down, there was an increase in *IGF-1* and *mTOR* target mRNA. In our experiment, although we did not observe a statistical difference in *IGF-1* mRNA expression between the periods analyzed, the expression tended to decrease 60 hours after refeeding compared with the fasting period. We believe that the *IGF-1* expression pattern may have been influenced by the increase in miRNAs -1, -206 and -199 in fast muscle during the refeeding period. Notably, an important component of the *IGF-1* pathway, *mTOR*, had an inverse correlation with its regulator, miR-199, in both musculatures.

During the refeeding period the expression of miR-1 and miR-206 in slow muscle of pacu did not show an inverse expression pattern with *IGF-1* gene expression. As the same miRNA can regulate the expression of many different targets, and the same gene can also be regulated by more than one miRNA \[[@pone.0177679.ref080],[@pone.0177679.ref081]\], we hypothesized that the decrease in miR-1 and miR-206 expression in slow muscle of pacu after refeeding may be related to the regulation of others genes that we did not analyze.

From the fasting to refeeding period, the fast muscle of juvenile pacu also showed an inverse correlation between the expression of miR-23a and the catabolic gene *MAFbx*. The increase in this miRNA is related to the translational suppression of the atrogenes *MAFbx* and *MuRF1*, as demonstrated both *in vitro*, in cell culture (C2C12) transfected with miR-23a and subjected to dexamethasone-induced atrophy, and *in vivo*, in transgenic mice expressing miR-23a and subjected to dexamethasone-induced atrophy \[[@pone.0177679.ref026]\]. Consistent with these results, we believe that the increase in miR-23a after refeeding in fast muscle possibly is related to a decrease in *MAFbx* expression when fast muscle catabolism decreased due to the increase of nutrients available. In addition to the interaction with *MAFbx*, miR-23a also has a role in the inhibition of *PGC-1α* \[[@pone.0177679.ref025],[@pone.0177679.ref027]\] an essential cofactor of mitochondrial biogenesis \[[@pone.0177679.ref082],[@pone.0177679.ref083]\]. In our study, we found an increase in *PGC-1α* gene expression during the fasting period, with a decrease after 60 hours of refeeding in both musculatures and an increase in miR-23a expression only for fast muscle. Decreased expression of miR-23a was correlated with increased *PGC-1α* in mice subjected to endurance exercise after 3 hours of activity \[[@pone.0177679.ref027]\]. Moreover, Russel et al. \[[@pone.0177679.ref025]\] also found this relationship in both cell culture (C2C12) and in transgenic mice overexpressing miR-23a. Thus, we believe that the decrease in this gene during the refeeding period was influenced by increased miR-23a in this same period in fast muscle.

Similar to the mRNA expression, fast muscle presented more differences in the miRNA expression pattern compared to slow muscle. Chu et al. \[[@pone.0177679.ref084]\]described, in juvenile *Siniperca chuatsi*, that several miRNAs highly expressed in fast muscle had lower expression in slow muscle and that miRNAs highly expressed in slow muscle had lower expression in fast muscle. This finding was also observed in our laboratory, where a difference in miRNA expression between fast and slow muscles in pacus during development was described \[[@pone.0177679.ref085]\]. Similar results were found in the present experiment, where we observed an increase in miR-1 and miR-206 expression in fast muscle and a decrease of miR-206 in slow muscle after refeeding, also described by Wiberg et al. \[[@pone.0177679.ref086]\] in the soleus and gastrocnemius of mice subjected to denervation.

The expression of miRNAs -23a and -199 also differed between fast and slow muscles, with increased expression in fast muscle during refeeding and no statistical differences in slow musculature. This finding highlight that in addition to more changes in mRNA expression of catabolic and anabolic genes, fast muscle also presented increased alterations in the miRNAs that control these genes. This fact may reflect that in food restriction conditions, there is a preferential utilization of fast musculature as a preferential energy source for muscle maintenance \[[@pone.0177679.ref041]\]. Slow muscle showed less degradation during stress conditions and, therefore, required less regulation by miRNAs.

In summary, our findings demonstrate that a short period of food restriction in juveniles pacu had a more significant effect on the fast muscle, increasing mRNA levels of anabolic (*PI3K* and mTORC1 complex: *mTOR*, *mLST8* and *RAPTOR*) and energetic metabolism genes. The miRNAs (miR-1, miR-206, miR-199 and miR-23a) were more expressed during refeeding while their target genes (*IGF-1*, *mTOR*, *PGC1α* and *MAFbx*), presented a descreased expression. We can speculate that the alterations observed in *mTORC1* complex during fasting conditions may have influenced the rates of protein synthesis by using amino acids from protein degradation as an alternative mechanism to preserve muscle phenotype and metabolic demand maintenance.
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A: fast muscle. B: slow muscle. Red represents down-regulated genes and blue represent up-regulated genes.
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